Saccharomyces cerevisiae is a model eukaryotic organism for classical genetics and genomics, and yet its ecology is still largely unknown. In this work, a population genetic analysis was performed on five yeast populations isolated from winemaking areas with different enological practices using simple sequence repeats and restriction fragment length polymorphism of mitochondrial DNA as molecular markers on 292 strains. In accordance with other studies, genome size estimation suggests that native S. cerevisiae strains are mainly homothallic and diploids. Analysis of mtDNA data showed that yeast populations from nonindustrial areas have 40% higher genetic diversity than populations isolated from industrial areas, demonstrating that industrial enological practices are likely to affect native yeast populations negatively by reducing its biodiversity. On the other hand, genetic differentiation analysis based on their microsatellite showed no correlation between genetic and geographic distance and a nonsignificant value when a Mantel test was applied. Finally, in the five populations studied, positive inbreeding (F is ) values from 0.4 to 0.75, a low but significant level of linkage disequilibrium and a high number of multilocus genotypes were detected. These results strongly advocate that sexual reproduction is frequent enough to erase clonal signature in natural populations and that self-fertilization is the main mating system.
Introduction
Saccharomyces cerevisiae is one of the main eukaryotic microorganisms of industrial interest that participates in diverse productive processes such as baking, distilling and wine making (Mortimer, 2000) . The origin of this yeast is controversial. It has been proposed that it existed as a distinct species in natural environments long before it was utilized in food production (Landry et al., 2006) or it is a domesticated species associated with human activity (Martini, 1993; Naumov, 1996) . Wine yeast strains of S. cerevisiae may be obtained mainly from damaged grapes, supporting the idea that the main yeast transportation mechanism between cellars is by insects (Naumov, 1996) . However, because yeast isolation from regions with little or no human activity has been mostly unsuccessful (Mortimer, 2000) , it is believed that native yeast populations are able to ferment grape musts originated from strains that were initially domesticated and that have been used ever since (Fay & Benavides, 2005) .
The worldwide increase of the wine market has meant that many countries with a winemaking tradition have focused their efforts on improving their enological practices to obtain better quality wines. As a result, many of their traditionally artisan winemaking regions have adopted industrial practices that are characterized by the massive use of fungicides and commercial yeast strains for fermentation. However, few studies have focused on the effects of these practices on native yeast populations. The occurrence and growth of yeasts during fermentation is influenced by many factors, including pesticide residues (Fleet, 2003) . Fungicide residues from wine-producing processes have toxic effects on several wine yeasts (Calhelha et al., 2006) . Substrate utilization and yeast cell concentration in the initial days of fermentations are affected by fungicides in the vineyard even when the amounts of residues are below the maximum limits (Cus & Raspor, 2008) . On the other hand, wine yeast strains collected in Vitis vinifera plantations of different countries were found to be genetically identical to widely used commercial strains (Legras et al., 2005; Schuller et al., 2005; Valero et al., 2005; Bradbury et al., 2006; Martínez et al., 2007) . In Chilean regions with high industrial activity, the diversity of non-Saccharomyces yeast strains were found to be lower than in regions where these type of practices are not used, suggesting that commercial yeasts, previously released into the environment, might outgrow native yeast in spontaneous fermentations . However, Schuller et al. (2005) suggested that starter industrial strains should not have any effect on yeast diversity. These findings suggest that enological practices, mainly the use of pesticides, might be influencing the genetic diversity present in natural populations.
Saccharomyces cerevisiae is also a major model species for classical genetics, as well as for genomics and molecular biology. It possesses a small genome and a short cell cycle, which makes this organism ideal for laboratory research. Genome sequence data of 37 strains have been obtained (1X to 4X coverage), and a high diversity among isolates was described by population genomic analyses (G. Liti, pers. commun.). Studies on the reproductive modes in S. cerevisiae concluded that clonality by budding is the main reproductive mechanism (Ezov et al., 2006; . In addition to clonal reproduction in either the haploid or the diploid phase, S. cerevisiae has three alternative pathways in its mating system: (1) outcrossing between two competent mates, (2) intraascus self-fertilization and (3) endoduplication of the haploid genome in homothallic strains. Heterothallism and homothallism are two states for yeasts, the latter being the most common in wine strains (Romano et al., 1988; Mortimer et al., 1994) . These, along with the observation of a broad degree of homozygosis in native isolates, allowed Mortimer et al. (1994) to propose the 'genome renewal' hypothesis, which suggests that when individuals mutate and reproduce by self-fertilization, they generate new and complete homozygous diploid genotypes, some of which have a greater fitness and could therefore displace parental strains. As a consequence, several works have been dedicated to determining the mating systems used by this yeast. Studies on consecutive fermentations, using URA3 heterozygous strains, attributed the generation of homozygotes mainly to mitotic recombination and to a lesser degree to meiosis (Puig et al., 2000) . Subsequently, Pérez-Ortín et al. (2002) , based on evidence obtained from heterozygous translocations with different nonrecombinant alleles, raised the possibility of finding sexual reproduction events in natural yeast strains. Studies based on simple sequence repeats (SSR) found that triploid and tetraploid strains of S. cerevisiae reproduced asexually (Ezov et al., 2006) . This pre-eminence of asexual reproduction was later demonstrated in wine yeast strains along with cycles of self-fertilization . Recently, Ruderfer et al. (2006) showed that sexual reproduction could occur in the environment but at a low frequency. Other studies performed on related microorganisms indicated that although the main reproduction system is clonal, other modes such as inbreeding could also be present (Johnson et al., 2004; Tavanti et al., 2004) . These antecedents suggest that other mechanisms besides clonality can be found in nature, and sexual reproduction (outcrossing and inbreeding) might be present at a higher rate in wild populations (Landry et al., 2006) .
In recent years, with the purpose of carrying out population genetics studies in S. cerevisiae, diverse techniques such as pulsed-field gel electrophoresis (PFGE; Vezinhet et al., 1990) , mitochondrial DNA restriction fragment length polymorphism analysis (mtDNA RFLP; Comi et al., 2000) , randomly amplified polymorphic DNA (RAPD; Cocolin et al., 2004) , amplified fragment length polymorphism (De Barros Lopes et al., 1999) and microsatellites or SSR (Pérez et al., 2001; Legras et al., 2007) have been used. These approaches allow specific questions about the genetic behavior of natural yeast populations to be answered (Hennequin et al., 2001; Pérez et al., 2001; Gallego et al., 2005; Bradbury et al., 2006) . Molecular approaches (mtDNA RFLP, PFGE and RAPD) clustered strains with a common geographic origin (Guillamón et al., 1996; Martínez et al., 2004 Martínez et al., , 2007 , suggesting a restricted gene flow. Yet, studies based on SSR on S. cerevisiae and DNA sequence variation in Saccharomyces paradoxus (Tsai et al., 2008) indicated that there was no correlation between geographic and genetic origin.
With the objective of estimating the predominant type of reproduction and evaluating the effect of different enological practices on the diversity of S. cerevisiae isolates, five endemic yeast populations were characterized. In this study, 292 isolates were analyzed by mtDNA RFLP, of which 92 were assessed by SSR. Our results suggest that clonality is regularly interrupted by recombination mainly by selffertilization cycles in natural wine yeast populations, and that industrial practices seem to affect their genetic diversity negatively.
Materials and methods

Yeast strains and DNA extraction
A total of 292 strains obtained from Chile and Peru, as reported by Martínez et al. (2004) . Samples taken at the end of the fermentations were diluted in water and plated onto YM agar (0.3% yeast extract, 0.3% malt extract, 0.5% peptone and 1% glucose) supplemented with 0.01% ampicillin (100 mg L À1 ). All these isolates were analyzed by RFLP of mtDNA and a subsample of 92 diploid strains was studied by microsatellite markers. DNA extraction was performed using the Wizard Genomic DNA Purification Kit (Promega, WI).
Spore viability
Genetic procedures were used as described previously (Sherman & Hicks, 1991) . Briefly, a micromanipulator equipped with a glass needle was used to isolate spore from asci. The ascus walls were removed using 0.2 g L À1 of
Zymolase 20T (Seikagaku Corp., Tokyo, Japan) in 1 M sorbitol, and isolate spores were incubated at 28 1C for two days.
Flow cytometry
The level of ploidy of each strain used in microsatellite analyses was assessed by flow cytometry. Cells were harvested by a method modified from Paulovich & Hartwell (1995) . Cells were grown in YPD (1% yeast extract, 2% peptone and 2% dextrose) at 28 1C for 12 h. Approximately 1 Â 10 6 cells were incubated with Zymolyase 20T for 1 h at 37 1C and then fixed overnight in cold 70% ethanol. The cells were washed once with 500 mL of 50 mM sodium citrate (pH 7.5), resuspended in 500 mL of 50 mM sodium citrate containing 0.25 g L À1 RNAse A and incubated for 1 h at 55 1C. The samples were incubated for 1 h at 55 1C with 10 mL of 20 g L À1 proteinase K. To stain cells, 5 mL of 10 mg mL À1 propidium iodide was added to 250 mL cells and then incubated overnight at 4 1C. The DNA content of yeast cells was determined using a BD FACScan analyzer (BD Biosciences). Strains BY4706 and BY4726 (American type culture collection 200870 and 200888) were used as haploid controls, and TSY481 and TSY800 as diploid control strains. The ploidy level was scored on the basis of the fluorescence intensity compared with the haploid and diploid reference strains.
mtDNA restriction and PFGE analyses DNA fingerprinting patterns from mtDNA digested with HinfI and whole chromosome by PFGE were carried out according to Martínez et al. (2004) .
Microsatellite analysis
Three trinucleotide (YML091C, YPL009C and YDR10W) and four dinucleotide microsatellite loci (YBR058C, YLR013W, YGL184C and YKR014C) were amplified as described previously (Pérez et al., 2001; Bradbury et al., 2006) . Amplifications were confirmed on 2% agarose gels, denatured by heating in deionized formamide at 95 1C for 5 min and separated on 6% polyacrylamide gels using a Kodak BioMax STS 45i sequence camera. Silver staining was used for visualization as described by Bassam et al. (1991) .
Statistical analysis
Genetic diversity was estimated from both mtDNA and microsatellite markers. The mean number of alleles, observed and expected heterozygosity were calculated based on SSR results. Gene diversity (Nei, 1987) , number of polymorphic sites and number of pairwise differences were estimated based on mtDNA. The proportion of different mtDNA haplotypes and the mean number of alleles per microsatellite locus were compared between industrial and nonindustrial sites by nonparametric Mann-Whitney U-tests, using MINITAB 14 (Minitab Inc., State College, PA). The observed heterozygosity averaged over loci was compared among sites by a two-way ANOVA in which sites were nested within the two categories of enological practices, i.e. industrial and nonindustrial. To infer the mating system from the genetic data, departure from Hardy-Weinberg expectations was assessed by estimating F is within each population. In addition, linkage disequilibrium (LD) was assessed using a single multilocus measurement of LD that is provided by the estimate r d (Agapow & Burt, 2001 ). Multilocus LD was calculated for each population separately using the program MULTILOCUS1.2 (Agapow & Burt, 2001) . To test for departure from random association between loci, the observed dataset was compared with 1000 simulated datasets where sex and recombination were imposed by random reshuffling of the alleles among individuals, independently for each locus (Agapow & Burt, 2001 
Results
Ploidy level of S. cerevisiae wine strains
The relative fluorescence values obtained for the control strains were used as references; a value of 0.5 was assigned for haploids and 1 for diploids. Flow cytometry analysis revealed that the majority of strains analyzed were diploid. Of the isolates that had a DNA content close to the diploid value, 67% showed relative fluorescence values from 0.9% to 1.1% and 33% showed relative fluorescence values between 0.8 and 0.9 or 1.1 and 1.2, possibly reflecting aneuploidy or chromosomal aberrations in these strains. On the other hand, three strains showed DNA content values that are coincident with triploidy or tetraploidy. Strain L-475, from the Sauzal population, had a relative DNA content of 1.81, and strains L-304 and L-319, from the Checura population, had a relative fluorescence value of 2.2 (Fig. 1) . The electrophoretic karyotype analysis showed a high chromosomal polymorphism (Fig. 2) . Strains with a DNA content higher than diploid strains exhibited differences with respect to strain S288c, which had large-sized bands. For example, strain L-475 did not have a 1200-kb band in strain S288c. Likewise, strain L-304 had a 500-kb band that was not present in the control strain. On the other hand, in strain L-319 chromosomes VI and I were larger than in strain S288c (Fig. 2) . Based on the capacity of monosporic cultures to sporulate, most of the strains were classified as homothallic. Finally, a high sporulation frequency was observed in strains L-304, L-319 and L-475, obtaining a spore viability of c. 70%, suggesting that these strains were polyploid and did not present strong aneuploidies capable of preventing the generation and subsequent viability of its spores. Strains with a nondiploid DNA content were discarded from statistical analysis.
Population substructure
The degree of genetic differentiation between the populations analyzed using SSR was found to be moderate, with F st values ranging between 0.037 and 0.13, but highly significant in all pairwise comparisons (P o 0.01). Coincidently, Sauzal and Cauquenes, which correspond to the closest geographic localities, showed the lowest F st value (Table 1) . However, there was no correlation between the geographic and the genetic distances (P = 0.16). This might be a consequence of the unexpectedly low genetic differentiation between Valle de Ica and any other population, in spite of being located more than 3500 km apart from the other Chilean sites. Similarly, F st estimates based on mtDNA markers showed no correlation between geographic and genetic distance (Table 1) . Once again, as it was observed with SSR, the population of the Valle de Ica did not present a greater genetic differentiation with respect to the remaining populations.
Genetic diversity in industrial vs. nonindustrial sites
The comparison of the genotype diversity between the artisan and industrial site yeast populations using mtDNA RFLP of 280 isolates showed marginally significant differences (P = 0.074), with, on average, 16.9% and 51.9% for the industrial and artisan regions, respectively ( (Table 4 ). The first of these areas corresponds to a place with high industrial activity where the majority of individuals (11 out of 17) were homozygous at all loci. For the mean number of alleles per microsatellite locus, no significant differences were detected between the two categories of populations (P = 0.193), with values ranging from 6.0 to 7.14 ( Table 4) .
Mating system
Because of the excess of homozygotes detected, the H o values were three times lower than those expected under the Hardy-Weinberg equilibrium ( 
Discussion
The information available on the characteristics and properties of the natural populations of S. cerevisiae is scarce, particularly when it refers to those populations associated with highly industrialized regions as occurs with wine yeasts. Except for the pioneer work of Versavaud et al. (1995) , studies on the genetic diversity of yeast strains have been published only during the past three years, providing the first insights into their population genetic structure and reproductive strategies (Valero et The superior matrix shows the F st values for microsatellites and (RFLP of mtDNA) determined according to Weir & Cockerham (1984) . The lower matrix shows the geographic distances in kilometers. Bradbury et al., 2006; Ezov et al., 2006; Legras et al., 2007; Martínez et al., 2007; Tsai et al., 2008) . The conclusions of these studies have provided evidence for clonal propagation (Valero et al., 2005; Bradbury et al., 2006; Landry et al., 2006) , which is in full agreement with the wellknown budding strategy of vegetative propagation. However, studies at the population level have analyzed a reduced number of populations and/or samples per population (but see Legras et al., 2007 for a worldwide survey), possibly limiting the power of analysis of either the spatial genetic structure or the inferences about the mating system. Therefore, the present study sheds new light on the genetic diversity of S. cerevisiae, and is among the first to include a sampling design truly focused on population inferences. In agreement with Romano et al. (1988) , using flow cytometry and sporulation analysis, yeast were found to be mostly diploids and, based on the capability of this strains to sporulate after monosporic culture, the yeast were classified as homothallic. Of the 96 strains studied by fluorescenceactivated cell sorting, 95% present relative DNA contents close to the diploid level and only three strains showed a greater DNA content. These results are clearly different from those observed for other types of nonwine S. cerevisiae strains, where it is possible to find a large fraction of triploid and tetraploid cells (Ezov et al., 2006) . In our study, using an electrophoretic karyotype analysis, strains with an excess or a deficit in their DNA content showed alterations in their karyotype (Fig. 2) . The results obtained by flow cytometry are similar to those reported by Bradbury et al. (2006) , whereby the majority of commercially utilized yeasts in the production of wine are diploid.
The estimation of genetic diversity from the genotypes identified by mtDNA RFLP (Table 2 ) and SSR amplification (Table 4) showed differences between the populations collected from industrial regions with respect to the populations collected in artisan regions of wine production. Both analyses suggest a greater diversity in the artisan region in comparison with the industrial one. Previous studies have suggested a decrease in the diversity of non-Saccharomyces strains in grape musts obtained form regions with a high industrial activity in comparison with must from regions with a low industrial activity ). These differences in diversity could be due to the type of enological practices used in each of these regions, where the application of fungicides and commercial yeast strains are the main differentiating factors between them. In this respect, a selection on the sulfite transporter locus SSU1 has been postulated due to adaptation to the agricultural environment of the vineyard, whereas sulfite is widely used as a preservative (Pérez-Ortín et al., 2002; Aa et al., 2006) . Likewise, it has been possible to isolate strains with a genetic profile identical to that of commercial yeasts in Portugal and Chile, suggesting dissemination of commercial wine yeast strains in the vineyards (Valero et al., 2005; Martínez et al., 2007; . These factors might diminish the genetic diversity levels and affect the ecology of the natural wine yeast populations. In this context, Valero et al. (2007) proposed that the differences in the levels of diversity between yeast populations collected from different vineyards may not be a result of the presence of commercial yeast strains but may rather be due to factors associated with the vineyards such as age and size, finding a greater biodiversity in the older and largest vineyards. In this study, a greater diversity was found in yeast populations isolated from artisan vineyards, generally smaller in comparison with the industrial ones. In addition, no mtDNA genotype characteristic of commercial strains was observed in the samples from the natural populations analyzed in this study and, therefore, further studies are required in order to determine the role of commercial yeast in the natural Saccharomyces diversity. However, the common application of fungicides in the industrial vineyards analyzed, together with the low diversity observed in industrial regions, indicates that the use of fungicides could be an important cause, affecting the natural populations by selecting genotypes based on their capacity to resist these human-induced selective pressures.
The high structure detected within the populations in the same geographic region is likely the consequence of a restricted gene flow (Guillamón et al., 1996; Martínez et al., 2004 Martínez et al., , 2007 Legras et al., 2007) . Data obtained from F st analyses support these conclusions as genetic differentiation was significant among all pairs of populations.
Our results obtained using F st also support the conclusions from Versavaud et al. (1995) and , who proposed that there is no relationship between geographic and genetic distance. On the other hand, several authors have detected clear spatial structuring, using different spatial scales. Guillamón et al. (1996) observed that wine yeast strains collected in Spain cluster according to their geographic origin, a result that is independent of the type of wine or grape used. Similarly, Martínez et al. (2004 Martínez et al. ( , 2007 observed the formation of clusters according to the geographic origin of yeasts from central Chile by means of several DNA fingerprinting techniques. Several possible explanations have been proposed in the literature. Ecological differentiation, as a result of some adaptation to different environments, could explain the differences between host species (Fay & Benavides, 2005; Aa et al., 2006) . For comparisons among sampling sites within a single host species (grapevine), spatial clustering has rarely been associated with a test for isolation by distance. In addition, these studies used different techniques to characterize the genetic diversity. Although the mtDNA markers have a high resolution (Vezinhet et al., 1990) , they generally show ancient divergences as compared with hypervariable nuclear markers, and discrepancies between them are likely to reflect different processes that occur at different dates. In addition, it has been demonstrated that the mitochondrial genome is under strong selective pressure in wine yeasts due to the high concentration of ethanol and acetaldehyde. These two compounds, added to the lack of proof-reading capacity of the mtDNA polymerase, can induce irreversible changes in the mtDNA, resulting in a greater rate of mutation in the mitochondrial genome with respect to the nuclear one and sensitivity to external factors (Ibeas & Jiménez, 1997; Castrejon et al., 2002) . Finally, the lack of isolation by distance pattern seems to support an island model of dispersal. Indeed, all F st values vary within a relatively narrow range, whatever the geographic distance. This may result from a long-distance mechanism of dispersal, which could include human activities but not necessarily, and that would be rare compared with local dispersal so that genetic differentiation could occur. Information is lacking regarding the permanency within natural populations of yeasts, and the mechanisms of dispersal among them, particularly the role of insects and other animals (Naumov, 1996; Mortimer & Polsinelli, 1999) . More studies on these topics are required to improve our understanding on the way in which genetic diversity is maintained in natural populations.
Within-population genetic structure is another topic of disagreement among authors. Studies carried out on yeasts closely related to S. cerevisiae, such as S. paradoxus and Candida albicans, have shown the predominance of asexual reproduction as the main mechanism of perpetuation; however, the large number of diploid homozygotes observed in S. paradoxus suggests that self-fertilization is an alternative reproduction mechanism in this yeast (Johnson et al., 2004; Tavanti et al., 2004) . In this sense, intratetrad mating was indicated as the main sexual reproduction mechanism in S. paradoxus, although it goes through a sexual cycle once in every 1000 asexual generations (Tsai et al., 2008) . With respect to S. cerevisiae, it is possible that because it is diploid, frequently homothallic and presents high spore viability, it could reproduce by self-fertilization (Mortimer et al., 1994) . Ezov et al. (2006) observed a clonal mode of reproduction in polyploid yeasts, while they found a high frequency of homozygotes in diploid yeast, indicating the presence of inbreeding because mitotic recombinations are unable to generate such large numbers of homozygous individuals. Recently, Legras et al. (2007) , based on deviation from Hardy-Weinberg expectancy and LD, considered clonal reproduction as the main mating system. Clonal reproduction is generally difficult to demonstrate as even small rates of sexual reproduction are likely to erase the genetic signature of clonal reproduction (Halkett et al., 2005) . The presence of significant LD, which is often interpreted as a consequence of clonal reproduction, can also result from selfing as nonrandom associations among loci and alleles are likely to be statistically significant because of coancestry (i.e. as observed in full-sib mating). In addition, recurrent clonal reproduction is expected to increase the proportion of heterozygotes by accumulation of mutations within the clonal lineages (Halkett et al., 2005; Guillemin et al., 2008) . In this work, all strains were found to be diploid, had a unique multilocus genotype and belonged to populations significantly deviating from Hardy-Weinberg equilibrium and therefore the positive and significant F is values detected suggest that the populations of Chilean yeasts are inbred, likely due to self-fertilization (Table 4) . Self-fertilization could be occurring at rates as high as 85% in Cauquenes (estimated from the F is value), which is in agreement with Tsai et al. (2008) , who recently estimated that around 85% of the recombination events were occurring within ascus. Thus, clonal reproduction seems to have a minor effect on the genetic diversity as compared with sexual reproduction. The main argument for this conclusion is the lack of a repeated multilocus genotype in each population, strongly suggesting that recombination is occurring regularly, supporting the genome renewal theory proposed by Mortimer et al. (1994) , which requires recurrent meiotic cycles to maintain the homozygotic genotypes characteristic of the natural wine yeast populations. In this context, the Valle de Ica population might be seen as an outlier in this study as it showed the highest observed heterozygosity and the highest value for LD. Although no heterozygote excess was observed in Valle de Ica, as the positive F is value was high (0.40), clonal reproduction is likely the main mating system in this population with rare meiotic cycles.
In conclusion, the present study showed that natural populations of S. cerevisiae are made of mainly diploid homothallic strains. They have a high genetic diversity, and this diversity seems sensitive to the negative impacts of industrial enological practices as the use of fungicides. Slight but significant genetic differentiation has been found to be unlinked to geographical distances, possibly suggesting some long-distance mechanism in a predominantly short-distance dispersal species. And finally, analyses performed at the intrapopulation level have demonstrated that the mating system is largely dominated by cycles of self-fertilization alternating with clonal reproduction, whereas the latest does not seem as important as suggested in other studies. Ecological studies of natural populations are required to test these genetic conclusions further.
